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Motivation
Demonstration the simplest quantum algorithm by making use of flux qubits

Problem of quantum measurements.
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Single- junction interferometer ,,éZ;J;. E'm;iéi:s
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Can exhibit MQT (A. Legget et af,)  Useful device for memory cells

oY Z

However 5=2x LI /P >»1

Solution — for N=3 the ring exhibits hysteresys even for negligible loop inductance
IT. Yamashita et al, J. Appl. Phys. 19, 25189 {1979).)

Therefore this structure can be used as qubit J.E. Mooij et af,,
Science 285, 1036, 1999 al.
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QUANTUM ELECTRONICS

Readout concept

Two coupled qubits

Basic idea of the Adiabatic Quantum Computation
Three coupled qubits

Ferromagnetic and antiferromagnetic coupling

Four coupled qubits with FM and AF coupling
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Readout concept

QUANTUM ELECTRONICS
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evidence for quantum regime
access to qubit parameters
nondemolition readout of qubit
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Ya. 5. Greenberg et al., PRB 66, 214525 (2002)
M. Grajear et al., PRE 69, 060501{R) {2004)

QUANTUM ELECTRONICS
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3JJ Flux-qubit; Inductive Coupling i Z7

QUANTUM ELECTRONICS

| Interaction enerqy: J =Aff [
- ras g’f pl pz
s i s g e
g M q Hamiltonian: H =H(q1)-|— H(qz)—l—.fﬂ'lzoé
H(qz) = EJ.O'!.Z +‘ﬁz'ﬂ-:
12 . .

L'q = 39 pH Drawback
10} -

— gl The “size” problem: Coupling energy
L cannot be made strong enough for
= A small £
= 1

4t

5 Interaction enerqgy can be increased if

0 L 1 1 1 1 1 .

0.0 0.5 rqh%it 1.8, 20 (ir”%j 3,0 1. Qubits have shared leg

2. Persistent currents increase
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Coupling 'I'hr'nugh a shared J osephson

Junc.l-lnn QUANT UM E-LEETRHHIGS
Qur implementation Originally proposed by L.S. Levitov ef aL,
" cond-mat!0108266
L I

@ a Intuitively: The phase drop over the
C @ C @ 5 coupling junction leads te reduction in
¢ Junctions energy of qubits and increase

in Josephson enerqgy of the junction Q.
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Measurement scheme

QUANTUM ELECTRONICS

Low-Frequency Radio-Frequency T=300 K
Generator Generator WU\,
lpias{o07t)
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ETN=3DD K L] RFLockIn

amplifier

N HEMT
I \A
E “T1A D A

Oscilloscope
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Micrographs

{ 2.
Weadk inductive | ~ ﬁ:iruu:r:rsi]ve
Coupling J=20 mK caupling
A. Izmalkov et al, =150 mK

3,4.
Coupling throug a
shared Josephson
junction

J=0.7K,1.2K

M. Grajcar, et al, Phys. Rev. B 72,
RO20503, (2005).
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Experiment Theory
0.08 . g 240 g
0.192 0.182
Tie=20 mK 0.144 T =7 0 mK 0.144
oo [
0,058 0.098
0.048 0,048
e 000 -.'_'| .':|
003
-0.06
-0, 06 -0.03 000 0.03 .06 -0.08 0,03 0.0 0.03 0.08

f
= 1,@,|&,|=700mK

J =1.D,|df,
Sample No. S, (um¥) A, ,(mK) A mK) 7 (na) 7, (@A) JEK)
1 0.3 80 30 120 110 0.7
g 0.15 20 30 150 120 153

*M. Grajcar, ef al., Phys. Rev. B 72, 020503 (R), (2005).



Concept of Adiabatic Quantum Computation™ ., ..uu cicerrones

1. Encode your mathematical problem into the "problem Hamiltonian®

HP_ZE(f]Ezl—I_Zﬁl :-:1+Z'11] z,1 Z]

1{_]

2. Make a chip with layout in accordance with the model Hamiltonian
(Analogue Computer)

3. Start with initial Hamiltonian H, in the known ground state ||>

N
H, = Z g(t)o,;
=1

4. Adiabatic evolution from |I> to t_he unknown ground state |g= of H- by
changing the bias of individual qubits adiabaticalhy

5. Readout the ground state |g= of H-
* E. Farhi, J. Goldstone, 5. Gutmann, M. Sipser, guant-ph/0001106.
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QUANTUM ELECTRONICS

J,=d15=0,,=0.3 K
|,1=1.5=350 nA, 1,=420 nA

Rtk T=0.006, 1=0.004, 1 =0.01

I f,=6m®,, f,=4md, f,=10md,

solution is [t | 1)

pNCITA Ty Tl

121 121

N

IT.LT ) lT:T:J’J'

1 21

ABS.
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Adiabatic evolution

QUANTUM ELECTRONICS

Energy of the ground state Spacing between ground
and first excited states

--EI.?' -'EIHD
-1.2 1F 024
=16 0.18
-2.1 012
2.5 0.06
-3.0 1]
E, (K) E,-E, (K)
f =0.006 f =0.006
q1 q1
'_1_5. 42 0B 04 DO 04 0B 12 18 20 .v‘E.E -12 08 04 00 iﬂ.l 08 12 168 20
10°F,, 10°f

- = = Max curvature of the

ground state - boundary of the classical stability diagram



Adiabatic evolution

Energy of the ground state

- 0.7

1.2

-1.6
-2.1
-2.9
-3.0

E, (K)
f =0.006
q1

--‘I.E 12 08 04 00 04 0B 12 168 20

F)
10°f,,

- = = Max curvature of the
ground state

QUANTUM ELECTRONICS

Spacing between ground
and first excited states

.EIBIJ

0.24
0.18
012
0.06

E,-E, (K)
f =0.006
g1

18 -i2 -08 04 00O D4 08 12 18 20

2
107,

I f,=6m®,, f,=4mF, f,=10mF,

solution is |1 [1)




Adiabatic evolution

QUANTUM ELECTRONICS

Energy of the ground state Spacing between ground
and first excited states
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Adiabatic evolution

QUANTUM ELECTRONICS

Energy of the ground state Spacing between ground
and first excited states
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Readnut (Flux map) QUANTUM ELECTRONICS

M. Grajcar, A. |lzmalkov, E. Il'ichev, Phys. Rev. B #1, 144501 (200%)

T=10 mK
1.8 - - 1.6
12 - 42 1.2
o -18
' 21 s
0.4 2.5 0.4
™ =3.0
=" 0.0 ;.‘-g 0.0
= E, (K) =
0.4 fq 1=I].I.'HJE 0.4

0.4 00 21}.-1 0.8 1.2.& 20 JI.EJ.E 1. -0.8 r.d- ﬂ.-llilu?trl:. o8 12 18 240
10 al al
* |MT response depicts max curvature of multiqubit ground state, therefore
giving solution AC
= Flux map readout should be quite fast and T_; should be small, in order to

prevent temperature transitions to first excited state

-1.6
-16 -1.2 -0.8
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QUANTUM ELECTRONICS

Three qubits, preliminary experimental data

L)

6400

i

SEl 15.0kV  X1.200 10g0m 500

450

Sample parameters: 300

~= 200

J12=J13=J23=U.61 K, _E'mn
ﬂ1:ﬂ2253 =70 mK: 0
,,=1,,=115 nA, 1 ;=125 nA

=200

1A

-28.0 -24.0 =200 -16.0 1 2.0
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QUANTUM ELECTRONICS

3D susceptibility of three qubit system

Experiment Theory
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Fnrur qubﬁ‘ﬁn{m;ﬁﬁ mixed couplings.
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Four qubit sample. Micrograph QUANT UM ELECTRONIGS

Micrograph

M. Grajcar, et al , cond-mat/0509557.



“Anti-Ferromagnetic (AFM) and

Ferromagnetic {FM) Coupling e Sk AYnantes
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AFM interaction between FM interacting _
quit pai rs QUAHTUM ELEETRH'GS
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Theoretical fits QUANT UM ELECTRONICS
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Measurements by making use of.

QUANTUM ELECTRONICS

- (PTB charge qubit) - LC circuit

- {Chalmers charge qubit) - RF SET

- (Sakle quantronium) - LC circuit with JJ

- (Delft flux qubit) - LC circuit with SQUID

- (Yale charge qubit) - strip resonator e

-  Parametric transduser



1. Encoding MAXCUT problem

QUANTUM ELECTRONICS

Example for 4 nodes

N iy
53=l.'l HP = Z & (j!.] Z '};,_j'ﬂ'a zan Z ﬂ!- ﬂ'—x,!-
54'“ w34 - iz 2] =1
i Payoff function is encoded in Hamiltonian
0 H, if AJ.-::-::J}.J. and
'-|_ ] Wiy

.E'!.Efpl.mnf; —W J"Z JJ_WJIE

W, S =1 f =@ /D, -0.5 - flux through qubit
P(s))=> ws,+ > s5,(1-s)w,,  Ho—The MAXCUT problem Hamiltonian

max( ") for|s = ﬂﬂll)EanLﬁle} HF‘g> ~ Eg‘g>

>.5.5'Eun'ﬂn

M. Steffen et al, Phys. Rev. Leit 90, 067903 (2003)



